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Abstract 
A new hybrid control scheme is presented with a robust multiple model fusion control (RMMFC) law for a UH-60 helicopter 
and an active disturbance rejection control (ADRC) controller for its engines. This scheme is a control design method with every 
subsystem designed separately but fully considering the couplings between them. With three subspaces with respect to forward 
flight velocity, a RMMFC is proposed to devise a four-loop reference signal tracing control for the helicopter, which escapes the 
closed-loop system from unstable state due to the extreme complexity of this integrated nonlinear system. The engines are con-
trolled by the proposed ADRC decoupling controller, which fully takes advantage of a good compensation ability for unmodeled 
dynamics and extra disturbances, so as to compensate torque disturbance in power turbine speed loop. By simulating a forward 
acceleration flight task, the RMMFC for the helicopter is validated. It is apparent that the integrated helicopter and engine sys-
tem (IHES) has much better dynamic performance under the new control scheme. Especially in the switching process, the large 
transient is significantly weakened, and smooth transition among candidate controllers is achieved. Over the entire simulation 
task, the droop of power turbine speed with the proposed ADRC controller is significantly slighter than with the conventional 
PID controller, and the response time of the former is much faster than the latter. By simulating a rapid climb and descent flight 
task, the results also show the feasibility for the application of the proposed multiple model fusion control. Although there is 
aggressive power demand in this maneuver, the droop of power turbine speed with an ADRC controller is smaller than using a 
PID controller. The control performance for helicopter and engine is enhanced by adopting this hybrid control scheme, and 
simulation results in other envelope state give proofs of robustness for this new scheme. 
Keywords: helicopter; engine; hybrid control; robust multiple model fusion control; active disturbance rejection control; PID 
control 
1. Introduction1 
The past several decades have seen the rapid devel-
opment in the design of integrated helicopter and en-
gine control (IHEC) system. A helicopter and turbo- 
shaft engine system is a class of nonlinear system with 
very complex coupling reaction. The coupling reaction 
between the helicopter and its engines is so different 
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and obvious unlike that in fixed-wing aircraft, because 
of the direct mechanical link between helicopter and 
engine. To put it more plainly, any manipulations from 
helicopter will have a direct impact on the engine’s 
working process throughout the main rotor/tail rotor. 
Conversely, the dynamic response of the engines will 
also have a significant influence on helicopter’s agility.  
Design requirements for the next generation of 
combat helicopters place a greater emphasis on agility 
and maneuverability than the previous helicopters.  
Many of the required maneuvers may call for very 
large and rapid changes in the main rotor thrust. In 
order to limit the variations in rotor speed, these rapid 
thrust changes need to be met by equally rapid changes 
in engine power. In the end of the 1970’s, NASA Ames Open access under CC BY-NC-ND license.
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and Lewis Research Center initialed and completed an 
IHEC program to improve some helicopter’s agility 
and manipulate quality, in which UH-60 Hawk heli-
copters were used as study vehicles [1-2]. In the 1980’s, 
Sikorsky company, McDonnell Douglas company, 
General Electric, etc had implemented cooperative 
researches in IHEC, where a variety of simulation 
models for integrated helicopter and engine system 
(IHES) were formulated, and all those achievements 
made in this program showed that helicopters’ flying 
qualities had been greatly improved in maneuver  
flight [3-4]. Some important IHEC program had also 
been carried out in Europe, which consisted of ad-
vanced turbo-shaft engine control program in British [5] 
and integrated flight/engine control program in France 
[6]. Recently, a new IHEC program with multi-stages 
was sponsored by US army, where a Sikorsky Black 
Hawk helicopter [7-8] was tested, which was equipped 
with Pratt and Whitney 3000SHP engines. 
The helicopter is a very complex system with multi-
variable and nonlinear characteristics. Even though 
near an equilibrium or a trim working point, the heli-
copter is still unstable and non minimum-phase [9-10]. 
With the rapid demand for high-quality maneuver 
flight, the traditional control methods are far from 
meeting this requirement. To some extent, modern ro-
bust and adaptive control theory supply an effective 
approach to solve control problem for complex system, 
but those methods just fit for conditions where uncer-
tainties are not sufficiently large [11-12]. When the sys-
tems are highly nonlinear such as helicopters, only one 
robust or adaptive controller cannot satisfy the antici-
pated control objectives and even stabilize the 
closed-loop system. Although multiple robust and 
adaptive controllers might be acquired based on vari-
ous steady flying states, the switching process among 
different controllers may introduce unacceptable dis-
turbance, resulting in serious extra dynamics. How to 
design a helicopter control law not only over the whole 
flight envelop but also for all the flying states is our 
research focus in this paper. 
With the enlightenment of Refs. [13]-[15], a new 
hybrid control scheme is proposed, including robust 
multiple model fusion control (RMMFC) for an UH-60 
helicopter and active disturbance rejection control 
(ADRC) decoupling control for its T700 engines. The 
design procedures for the RMMFC controller are out-
lined as follows. First, candidate controllers are de-
signed in deferent subspaces with respect to some 
characteristic parameters. And then, a proper fusion 
law guarantees smooth transformation when the char-
acteristic parameter changes from one subspace to an-
other. Certainly, the candidate controller is the one with 
good robust performance in relative subspace. 
The requirements for engines’ rapid response to the 
helicopter’s demand is another important aspect to re-
alize high-quality maneuver flight [7]. The control algo-
rithm for engines is designed using an ADRC method. 
This method is another kind of enhanced single-loop 
control algorithm derived from PID, so it not only has 
the advantages of PID method easier to modulate pa-
rameters, but also has some superiority as decoupling 
ability of modern multivariable control. 
The content of this paper is organized as follows. In 
Section 2, some necessary lemmas and theorems are 
given for RMMFC design. Section 3 describes the de-
sign of an ADRC decoupling controller, and the inte-
grated UH-60/T700 simulation platform. Then the new 
hybrid control structure for the integrated UH-60/T700 
system is discussed and given in Section 4. Finally, 
some important validations are carried out and demon-
strated. 
2. RMMFC for the Helicopter 
2.1. Preliminaries 
Some necessary lemmas about multiple model fu-
sion controllers for the helicopter are demonstrated as 
follows. 
Lemma 1 [16]  
Youla parameterization method is used to express a 
class of stable controllers of controlled plants. 
If a generalized plant P(s) and its stable controller 
K0(s) comprise a double coprime factorization as 
 1 1( ) ( ) ( ) ( ) ( )s s s s s    P N M M N  (1)
where ( ), ( )s sN M  and ( ), ( )s s M N  are two groups 
of coprime factor matrices. We can get a group of sta-
ble matrices X0, Y0, 0X , 0Y  satisfying the following 
Bezout equation 
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Lemma 2 [16] 
Suppose that X0, Y0, 0X , 0Y  were Hurwitz poly-
nomial matrices satisfying the statement in Lemma 1, 
and X, Y, X , Y  are defined as 
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0
y
y
y
y
 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

 


  
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X X MQ
Y = Y + NQ
X X Q M
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(3)
 
where Youla parameter matrix y H
RQ . 
We have a class of controllers 1 1    K XY Y X , 
which make 1 1( ) ( ) ( ) ( ) ( )s s s s s  P = N M = M N  sta-
ble. 
Remark 
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The robust controllers in Youla stable controller 
class can be solved by H or LMI (Linear Matrix Ine-
quality) method. In the next section, a kind of robust 
guaranteed cost control based on LMI method will be 
adopted. 
2.2. Robust guaranteed cost control 
Consider a linear time invariant (LTI) system as 
 
1 2
1 11 12
2 21 22
     
     
     
      	  	  	


x A B B x
z = C D D w
y C D D u
P
 (4) 
where P is the transfer function matrix; A, B, C, D are 
partitioned matrices; xęRn is system state vector; zę
Rn the evaluation output of the system; yęRq meas-
ured output from the system; uęRm the control input 
vector for the system; węRl the extra disturbance. 
Figure 1 shows the block diagram for this robust 
closed-loop control system, and the matrix transfer 
function L(P, K) is an augmented closed-loop system 
formed by P(s) and the controller K(s). (s) is any sta-
ble transfer function for uncertainty satisfying 
( ) 1s  . 
 
Fig. 1  Block diagram of robust closed-loop control system. 
Theorem 1 
Given the Eq. (4), if there are a proper matrix 
T= >0   and a full-rank real matrix   which can 
meet the following two conditions, u = K(s)x will be  
a H2/H guaranteed cost controller satisfying 
( , ) 1L P K  , which is called a LMI controller in the 
paper.  
Condition 1   and   can meet the guaranteed 
cost objective as follows: 
 
(tr( ) tr( )) minJ    S M Ĭ
 
(5)
 
where ęR+, ęR+ and ęR+ are weighted factors; 
S is the partitioned matrix. 
Condition 2   and   can make three following 
LMIs hold 
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where V is the partitioned matrix. 
In order to prove Theorem 1, we will use the fol-
lowing lemma. 
Lemma 3 [17] 
If there are some proper dimensional matrices 
T=   and   which can meet the following LMI 
T T
2 2 1 1 12
T T
1 11
1 12 11
( ) ( )

    
 
 
    	
0
2
A B  A B  B C  D 
B I D <
C  D  D I
 
a  degree optimal H controller u= Kx for Eq. (4) will 
be gained, where 1= K   is a state feedback con-
troller, and the controller K satisfies an inequality as 
follows: 
 
( , )  1L P K   
Proof 
Use a virtual output yv for Eq. (4) as follows: 
 
1/ 2
v 1/ 2
   
   
 	  	
0
0
S x
y =
uV
 (9) 
Transforming the LQR (Linear Quadratic Regulator) 
problem in H2 formulation [13], a state feedback gain 
matrix u=K(s)x can be found that minimizes the fol-
lowing cost function in terms of output yv as 
 Tv v vmin( ( ))J E K y y  (10) 
subject to 
T T
2 2( ) ( )      0A B K H H A B K S K VK   (11) 
where H is a positive definite matrix. By utilizing the 
identity and the state covariance matrix T( )E xx

with u = Kx, the H2 problem can be expressed as 
 
T T T
v v
T T T
T T
1/ 2 1/ 2 T
( ) ( )
       ( )
    tr( )tr( ( ))
   tr( ( ) )
J E E
E
E
   
 
 

v
T
y y x Sx u Vu
x Sx x K VKx
S KVK x x
S V KK V
 
Hence, the H2 cost function turns to be 
 
1/2 T 1/ 2 T
v
( )
min[tr( )+tr( ( ) )]J 
K,
S V KK V
 
(12)
 
The auxiliary variables for the second term is used 
such that 
 1/ 2 T 1/2 T> ( )M V KK V  (13) 
Define another auxiliary variables such that 
 1 1 T= ,   and     0K  H     (14)
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Using the Schur complement, the chosen variable 
(13) can be put into the LMI as follows: 
 
1/2
1/2 T 1/2 T
T 1/2
> ( ) >
 
  
  	
0
M V 
M V KK V
 V   
Finally, the Eq. (12) is formulated as follows: 
 v
( )
= min [tr( ) tr( )]J 
,,M
S M  (15) 
Using the auxiliary variables (14), inequality (11) 
can be reformulated as 
 T T2 2+ + + + + <0 A B A B  Q  V  (16) 
Then, using the Schur complement, inequality (16) 
is transformed into the LMI as 
 
T T T
2 2
1
( )

   
 
 
  	
0 0
0
A B  A B   
 S <
 V
 
Consequently, combined with Lemma 3, the proof of 
the theorem is completed. 
2.3. RMMFC 
The proposed RMMFC is a new control scheme re-
lated to one parameter, in which the system is con-
trolled according to subspaces divided by the charac-
teristic parameter . There is a proper candidate con-
troller Ki(s) in every subspace, and K = Ki(s) is calcu-
lated by some certain fusion algorithms. This new con-
trol structure can satisfy specific robust stability and 
performance objectives, and realize a smooth trans-
formation among all candidate controllers, whatever 
the system drifts and changes, as shown in Fig. 2. 
 
Fig. 2  Block diagram for RMMFC. 
Theorem 2 
If any candidate controller iU = K x  for Eq. (4) 
satisfies the guaranteed cost objective in Theorem 1, it 
follows that a robust multiple model fusion controller 
is described by 
 
1
p
i i
i


 
 
 
 U Kx K x   (17) 
and the controller K yields robust performance with 
respect to P, where
1
( ) ( ) ( )
p
i i i
i
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
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We will use the following lemma to prove Theorem 
2. 
Lemma 4 [15] 
Given a set of # $( )C i is %  K  composed by p of 
controllers, where ( ), 1, 2, ,i s i p """K  is candidate con-
troller for every subspaces, {1, 2, , }p%    a index 
set, and # $i i % & RӨ  the subspace set with 
respect to the characteristic parameter. If ( )i sK is 
given by Lemma 2, it follows that  
1 1( ) ( ) ( ) ( ) ( )i i i i is s s s s
    K X Y Y X
 
where 
        
0
0
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0
1 1
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And the controller ( )sK of ( )sP is written by 
 1( , , ) ( , , ) ( , , )s s s     K X Y  (18)
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p
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i
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
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p
i
i
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
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Proof 
By Theorem 1, the candidate controller can be ex-
pressed as follows: 
 1 1i i i i
  K   K I
 
As a special case of Lemma 4, we have an inference 
from Eq. (18) as 
 
1 1 1
p p p
i i i i i
i i i
  
  
  
   
  
   K K I K  
The transfer matrix L(P, K) for Eq. (4) can be for-
mulated as [15,18]
 1 2 3 L L L QL  
where 
1
;
p
i i
i


  Q Q L1, L2 and L3 are proper dimen-
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sional matrices. 
Thus  
 
1 2 3 1 2 3
1
1 2 3
1 1
( ) ( , )
p
i i
i
p p
i i i i
i i

 

 
    
 
 
  
L L L QL L L Q L
L L Q L L P K
 
Because any candidate controller = iU K x  for  
Eq. (4) satisfies the guaranteed cost performance ob-
jective with ( , ) 1i L P K  , we can utilize Lemma 3 
and reach the conclusion that 
 
( , )  1L P K   
So the multiple controller K yields robust perform-
ance with respect to P. 
3. ADRC Decoupling Control for Engines 
An ADRC decoupling control law for engines is 
proposed to realize constant regulation for power tur-
bine speed. 
Theorem 3 
Assume an m-input m-output system is 
 
e e e e
e e
( , ) ( , )
                               
t  


X F X G X t U
Y X  
(19) 
where the subscript “e” represents the engine parame-
ter, F, G, Xe, Ue are state vector and control input vec-
tor respectively, and 
T
1 e 2 e e[ ( , )   ( , )      ( , )]mf t f t f t """F X X X  
11 e 12 e 1 e
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g t g t g t
g t g t g t
g t g t g t
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

	 	 	

X X X
X X X
G
X X X
' (Te e1 e2 emx x x X  
' (Te e1 e2 emu u u U  
An ADRC decoupling controller for the ith channel 
is that 
 e e
1
( ) 
m
i ij i
j
u W t u

    (20) 
where ijW  is denoted as decoupling compensation 
matrix element, and eiu  the denoted virtual control 
input. 
The ith channel’s block diagram of ADRC is shown 
in Fig. 3. The control structure includes three parts: 
tracking differentiator (TD), extended state observer 
(ESO) and nonlinear state error feedback (NLSEF). 
 
Fig. 3  Block diagram of ADRC decoupling control. 
The detail for designing an ADRC controller can be 
found in Ref. [19]. 
Proof 
By introducing a decoupling compensation matrix W, 
the product of W and G is equal to unit matrix I which 
means that WG = Im, and then the static decoupling is 
realized. As the precise control coefficient matrix G is 
difficult to obtain, we have 
 
11 12 1
21 22 2
1 2
      
      
ˆ
             
     
m
m
m m mm
g g g
g g g
g g g
 
 
   
 
  	


	 	 	

ɽ
ɽ
ɽɽɽ
G
 
where Gˆ  is used to estimate control coefficient ma-
trix G , and ) *e e, ,ij ijg g t+ X X . Given ˆ WG I , 
and static decoupling is approximately realized. The 
relative static decoupling matrix is 1ˆ W G . The 
static decoupling expression is e e
U = WU . 
Then, we have ˆ  G G G  as the estimation error 
of control coefficient matrix. Adding unconsidered 
“static decoupling” eGU  as system disturbance to 
“dynamic coupling” section, Eq. (19) can be rewritten 
as 
 
) *e e e
e e
,
                
t 


  X F X + U
Y X  
(21) 
where ) * ) *e e e, ,t t  F X F X GU .
And then the new input and output relationship of 
the system in the ith channel is as follows: 
 
) *e e e
e e
,
                
i i i
i i
x F t u
y x
  


 X
 
(22) 
The input of ith channel is eiu , while the output is 
ei ei= .y x Here we may have dynamic coupling section 
) *e e, ,iF t X X  as additional disturbance of the new 
system, including disturbance caused by system’s 
time-varying parameters and any couplings from other 
channels.  
Combining static decoupling matrix with controlled 
system and estimated disturbances from ESO, the 
whole system is decoupled to another system com-
posed of parallel channels, each of which is certain 
integrator unit. The ith channel can be finally ex-
pressed as 
 
) * ) *e e e e 0
e e
, ,
                                                 
i i i i i
i i
x F t u F t u
y x
,  
   +  
  
 
   X X
 
(23) 
where ) *ˆ ,i eF t X  is the ith channel’s disturbance 
which is estimated by ESO. 
Consequently, the relationship between the variable 
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e 0iu  and output eiy  is single-input single-output, 
which means that the output eiy  and the variable e 0iu  
are completely decoupled. So we just need to design an 
ADRC controller for each channel separately. 
4. Simulation Platform 
The integrated helicopter/turbo-shaft engines system 
is a sort of cascade systems which have complex cou-
pling relationships. This integrated system is used as 
simulation platform in this paper which mainly consists 
of the following four parts: open-loop model of heli-
copter, flight controller, open-loop model of turbo- 
shaft engine and engine controller. The schematic dia-
gram of the integrated system is depicted in Fig. 4.  
 
Fig. 4  Schematic diagram of integrated helicopter/turbo- 
shaft engine system. 
The helicopter model and the turbo-shaft engine 
model will be introduced as follows. 
1) Helicopter model 
In this paper, the real-time helicopter model is built 
based on the data of a UH-60 Black Hawk helicopter 
[20] which is a single rotor helicopter with twin T700 
engines. This model is an unsteady nonlinear aerody-
namic model, which contains fuselage, main rotor, tail 
rotor, horizontal tail and vertical tail. Among these 
components, there are many complex close-coupling 
actions (see Fig. 4). Through a series of equilibrium 
computations and calculations of dynamic equations, 
such as balancing rotor model and fuselage model, the 
required power of helicopter can be worked out and 
sent to the turbo-shaft engine together with some flight 
parameters. In Ref. [21], a great number of tests were 
performed to check the accuracy of this helicopter 
model. The results prove that the helicopter model has 
a good reliability and is able to carry out digital flight 
simulations of routine missions. 
2) Turbo-shaft engine model 
Figure 5 depicts a structure of the turbo-shaft engine 
component-level model, which is established based on 
T700 engine data set. In Fig. 5, the engine station 
numbers represent the inlet or outlet of engine compo-
nents. During engine modeling procedure, every com-
ponent model of the engine is created using engine 
thermodynamic characteristic and typical experimental 
data at first. And then, with the benefit of power bal-
ance, flow equilibrium, pressure equilibrium and rotor 
dynamics equations, the balance equations among en-
gine components can be constructed and calculated. 
Finally, Newton-Raphson method and one-pass- 
through algorithm are adopted in order to solve 
steady-state engine model and dynamic engine model 
respectively. In this paper, we just give the simulation 
results of the right engine. 
 
Fig. 5  Structure of turbo-shaft engine. 
5. Hybrid Control for IHES 
The control law for the IHES is adopted by an inde-
pendent control scheme, in which the control law for 
helicopter is RMMFC proposed in Section 2.3 to real-
ize four-loop command signal tracing control in 
climbing/forward flying/sideslip/yaw channel. The 
power turbine speed regulation control is the ADRC 
decoupling control proposed in Section 3 to enhance 
the engines’ anti-disturbance ability, and to raise the 
response ability to adaptive helicopter’s maneuvering 
flight. The control structure for the integrated system is 
shown in Fig. 6. 
 
Fig. 6  Block diagram for the control of IHES. 
5.1. Helicopter’s multiple model fusion control de- 
sign 
1) Subspaces division 
Because the characteristic parameter determines the 
complexity of the division for subspaces, it need to be 
identified simply or can be measurable. By trial and 
error and based on helicopter’s dynamics, the charac-
teristic parameter is chosen as  = Vx, where Vx is the 
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forward flight velocity. The subspaces are divided to 
three ones as  
# $1 | ( 0 m/s) and ( 25 m/s)x x x V V V  
# $2 | ( 10 m/s) and ( 35 m/s)x x x V V V    
# $3 | 25 m/sx x V V  .
2) Robust candidate controller design for every sub-
space 
The control objective is to realize the helicopter’s 
four-loop signal tracing control in climbing/forward 
flying/sideward/yaw channels. 
The helicopter’s dynamic model near some equilib-
rium point can be described as an LTI model as fol-
lows: 
 
h h h 1h h 2h h
h 1h h 11h h 12h h
h 2h h 21h h 22h h
i i i i
i i i i
i i i i
w
w
w
   

  
   
x A x B B u
z C x D D u
y C x D D u
 
(24) 
where the subscript “h” represents the helicopter pa-
rameter; i=1,2,3 represents the index of three sub-
spaces; Th [ ]u v w p q r - . x  denotes the 
state vector, , ,u v w  are three translational speeds in 
the body-axes system, p, q, r are the angular speeds of 
helicopter body, , ,  - .   are roll angle, yaw angle and 
pitch angle respectively;
 
T
h 0 1c 1s T[ ]i A B     u  
denotes the control input, 0 1c 1s T, , ,A B   stand for 
collective pitch, lateral cyclic pitch, longitudinal cyclic 
pitch and tail rotor collective pitch respectively; 
T
h [ ]x y zV V V .y  denotes the control output, 
, ,x y zV V V  stand for the forward velocity, the sideward 
velocity and the climbing velocity respectively;
 
T
h ,r ,r ,r r[ ]x y zV V V .r  is defined as the command 
signal, the subscript “r” represents the reference value; 
h hz = y  denotes the evaluation output; hw N   is 
defined as the disturbance variable, N  represents 
the main rotor speed variation. 
According to quasi-PID method [14], the state arrow 
xh in Eq. (24) is augmented as 
 
T
h h h
T
ˆ
ˆ [ '  '   '    ']
[   ]
h a b c d




x x x
x  
where ,r
0
(  )d ,'
t
x xV V ta  / ,r
0
'= (  )d ,
t
y yb V V t/  
,r
0
' (  )d ,
t
z zc V V t /  r
0
'= (  )d ,
t
d t. ./ and then Eq. (24) 
is rewritten to the following expression:
 
h h h 1 h h 2 h h
h 1 h h 11 h h 12 h h
h 2 h h 21 h h 22 h h
a i a i a i i
a i a i a i i
a i a i a i i
w
w
w
   

  
   






x A x B B u
z C x D D u
y C x D D u
 
(25) 
where the evaluation output is changed to be h h


z y , 
and 
h
h
1h
,
i
a i
i
 
   	
0
0
A
A
C
1h
1 h
21h
,
i
a i
i
 
   	
B
B
D
2hi
2 h
22h
=a i
i
 
  	
B
B
D
1h
1 h ,
i
a i
 
  
 	
0
0
C
C
I
2h
2 h ,
i
a i
 
  
 	
0
0
C
C
I
11h
11 h
i
a i
 
  
 	0
D
D 
12h
12 h ,
i
a i
 
  
 	0
D
D 21h21 h ,
i
a i
 
  
 	0
D
D 22h22 h
i
a i
 
  
 	0
D
D  
' (Th h hˆ .

y y x 
Here, we take the controller design in the subspace
 # $1 | ( 0 m/s) and ( 25 m/s)x x x V V V   as an ex-
ample, i.e. the subspace index i=1, where 
h1 h1,1 h1,2 h1,3[     ]A A A A  
h1,1
0.028 275 1.472 132  0.032 684
  0.002 575  11.228 323  0.135 475
0.029 154 2.346 116 0.847  808
0.013 932  66.324 580  0.405 552
0.016 231  0.999 506 0.054 002
0.007  800 0.827  962 0.227  040
0 0 0
0 0 0
0 0 0
 
  

  
  
 
A
h1,2
0.066 370  0.558 871 0.017  040
0.550 563 0.181 930 47.321 503
3.224 670 44.081 493 0.112 044
3.605 123  0.635 068 5.347  824
 0.251 003 1.080 600 0.141 127
  0.010 667  
 
 
 
 
 
 
 
 
 
 
 
 
 
  	
 
  
 
 
  A
h1,3
0.034 885 0.826 920
 1.000 000 0 0.000 475
0 0 1.000 000
0 1.000 000 0
0 0 9.792 462
9.792 462 0  0.000 182
0.384 278 0 0.004 649
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
 
 
 
 
 
 
 
 
  
 
 
 
  	
 
 
 
 
 
 
   
 
 
 
 
 
  	
A
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B2h1=[B2h1,1  B2h1,2] 
2h1,1
2h1,2
  0.043 898 0.028 736
0.580 700   0.173 650
0.177 304   0.008 882
0.510 233  1.016 987
   0.034 622   0.028 762
   0.543 516   0.012 800
0 0
0 0
0 0
  0.144 799  0.000 098
 
  
 
 
 
 
 
 
 
 
 
 
 	

  
B
B
  0.030 966  0.075 256
  0.589 756 0.027 393
  0.137 929  0.173 136
0.190 831 0.037 753
  0.006 274 0.1084 96
0 0
0 0
0 0
 
 
 
 
 
 
  
 
 
 
 
 
 
 	
 
 
B1h1=[B1h1,1  B1h1,2]T 
1h1,1
1h1,2
[0.000 149 0.008571 0.019615 0.003278]
[0.004 417   0.012506 0 0 0]
  

B
B
 
 
1h1 2h1 9 , C C I  11h1 , 0D  12h1 , 0D  21h1 , 0D 
22h1 . 0D 
And the weighted matrices are chosen as follows: 
diag(1,1,1,1,1,1,1,1,1, 2.5, 2.5,4.5,4.5)S
  
  diag(1,1,1,1),V  80,   700   
Based on the control design method, we have the 
control gain as Kh1=[Kh1,1   Kh1,2   Kh1,3] 
h1,1
h1,2
0.203 2 0.034 4 0.540 0 0.030 0  0.544 6
0.297 4  1.045 8   0.060 6    1.321 6  1.566 7
  1.611 5   0.136 2 0.000 8   0.187 4 8.416 8
  0.209 0  0.132 8 0.558 0   0.157 0 0.844 9
  0.69
    
  
  
 
  	

K
K
h1,3
5 9 0.513 5  0.588 3    3.223 4  0.766 0
  1.205 8 13.586 2   0.482 5    4.616 5  0.136 7
  1.296 0   2.177 0   0.452 7 24.851 2 0.471 7
4.051 4   1.050 7 2.593 6 3.263 2  0.268 4
  0.453 3   0.312
 
 
 
  
 
   	
K
 7 0.148 8
0.310 5 0.162 9 1.298 2
  0.225 2   0.735 9 0.435 3
0.739 8   0.483 9   0.321 1
 
    
 
 
 	
Hence, the robust candidate controller for 01 is 
h1 u h1 h1 h1 h1

K x K y
 
And, the other two candidate controllers for
 
# $2 | ( 10 m/s) and ( 35 m/s)x x x V V V   and 3   
# $| 25 m/sx xV V   have the same design procedure as 
above. When the h2K  for 02 is designed, the equilib-
rium is the point (H=0 km,Vz=5 m/s,Vx=40 m/s, Vy= 0 
m/s). While the h3K  for 03 is designed, the equilib-
rium is the point (H=0 km,Vz=5 m/s,Vx=40 m/s, Vy=  
0 m/s). 
3) RMMFC for the helicopter 
By Theorem 2, it follows that  
 h h h h h
1
( )
p
i i
i


   u K x K x  (26) 
where
3
1
( ) ( ) ( ),
p
i i i
i
     


    ( ) bp( ),i i   !   1!   
10 m/s,  2 20 m/s,!   3 30 m/s.!    
5.2. ADRC decoupling control design for engines 
Based on the proposed control scheme in Section 2, 
we can design an ADRC decoupling controller for 
T700 engine’s constant speed control. Due to the sig-
nificant hysteresis of the power turbine speed response 
to fuel, a cascaded ADRC control derived from ADRC 
decoupling control is applied. The inner loop is of fast 
mode-gas turbine speed control to weaken the distur-
bance from fuel supply and other system disturbance, 
and the outer loop is of slow mode-power turbine 
speed control to enhance the an-disturbance capability 
to helicopter’s demand torque. The proposed cascaded 
ADRC control block diagram is shown in Fig. 7, where 
Np and Ng denote the relative power turbine speed and 
gas turbine speed respectively; Wfb, T and N stand for 
fuel flow, demand torque and the main rotor speed, and 
subscript “r” is defined as reference command. 
 
Fig. 7  Block diagram of cascaded ADRC control for turbo- 
shaft engine. 
There are many parameters in the two-loop ADRC 
controller which need to tune and directly determine 
the control effect of engine. These parameters are cho-
sen according to some rules proposed in Refs. 
[22]-[23], and an important thing is stressed that they 
are a set of fixed parameters acquired only in one state 
(H=0 km, Vx=0 m/s, in hover state). 
1) The parameters of inner loop ADRC controller is 
tuned as follows (The meanings of these parameters 
are available in Refs. [22]-[23]): 
for TD 
 1 2 0
0.25,  0.1,  0.02;r r h h   
 
for ESO 
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 11 12 13
50,  140,  100,  ;h      
 
for NLSEF 
 p1 d1 1
0.96, =1.0, .k k h h 
 
2) The parameters of outer loop ADRC controller is 
tuned as follows: 
for TD 
 1 2 0
0.25,  0.1,  0.02;r r h h   
 
for ESO 
 11 12 13
50,  140,  100,  ;h      
 
for NLSEF 
 p1 d1 1
0.34, =0.73, .k k h h 
 
3) The coupled matrix is chosen as + 1W . 
6. Numerical Simulation  
In order to validate the proposed IHES control law, 
some numerical simulations are implemented based on 
integrated UH-60 helicopter/T700 engine simulation 
platform. 
6.1. Validations in helicopter’s forward flying task 
In comparison of the proposed RMMFC, we utilize a 
single robust controller iu K y  designed in Sec- 
tion 1.2 for the helicopter’s forward flying task. A 0-75 
m/s forward flying task is simulated at the height H=1 
km. 
As depicted in Fig. 8, when the forward velocity Vx 
is near to 45 m/s, the integrated system has already lost 
its stability. Figure 8(a) shows the time response of 
helicopter’s forward velocity, sideward velocity Vy and 
climbing velocity Vz respectively. Figure 8(b) gives the 
time histories of relative power turbine speed Np and 
gas turbine speed Ng. Figure 8(c) shows the time re-
sponses of compressor stall margin Smc and the en-
gines’ output torque T. The change of fuel flow Wfb is 
also demonstrated in Fig. 8(d). The results show clearly 
that any single controller cannot stabilize the 
closed-loop system over all the process of forward ac-
celerate flying. 
Next, we adopt the hybrid control proposed in Sec-
tion 4 to realize the same forward flying task. Figure 9 
gives the simulation effects of relative power turbine  
 
 
 
 
Fig. 8  Acceleration responses for the IHES with a single 
robust controller at H=1 km. 
speed of engine, controlled by a PID controller and an 
ADRC controller respectively. The results show that 
the two control schemes all stabilize the helicopter in 
the process, and the hybrid control structure with an 
ADRC controller makes the closed-loop system has 
more better performance than with a PID controller. 
Because of the smooth change of helicopter’s power  
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Fig. 9  Comparison of relative power turbine speed response 
between two types of hybrid control. 
demand, besides Np, the simulation results are of 
slightly difference for other state variables and ma-
nipulation parameters of the integrated system under 
these two control schemes, so there are only results 
given under the control structure with an ADRC con-
troller.  
The simulation results under the control structure 
with an ADRC controller are illustrated in Fig. 10. Fig-
ure 10(a) describes the time responses for the three 
translational speeds of Vx, Vy and Vz of the helicopter. It 
can be seen that the helicopter takes about 14 s to get 
the desired velocity, and the other ones have slight cou-
plings in the process, and the similar couplings can 
also be found in the loop of yaw angle  which is de-
picted in Fig. 10(b). The change of Np and Ng are given 
in Fig. 10(c), and it shows that a significant switching 
disturbance in Np loop at the working point of Vx=25 
m/s is caused, which is an amplified, in Fig. 9, to ob-
serve more clearly Smc and T of the engine are drawn in 
Fig. 10(d), and the time response shows that the engine 
is always in stall-free state over the process. Since the 
helicopter is always in a minimum power state during 
the flight states of hover or forward flying with a 
higher velocity, the power turbine torque is determined 
by the forward speed. With the forward speed in-
creased, the power turbine torque has a change from a 
higher level to a lower one first, and then turns from 
the lower level to another higher level point. The time 
response for Wfb and collective pitch 0 have the simi-
lar trend with the power turbine torque, as shown in 
Fig. 10(e). The other control input variables such as 
lateral cyclic pitch A1c, longitudinal cyclic pitch B1s and 
tail rotor collective pitch T are also illustrated respec-
tively in Fig. 10(f). 
The simulation results illustrated in Figs. 9-10 show 
clearly that the two hybrid control let the helicopter has 
good flying quality in the forward flying process. In 
the process, as the demand power is the function of Vx, 
the increasing Vx will result in some certain changes of 
Vy and Vz . As explained above, the power demand de-
ceases and then increases like a saddle. When Vx stays 
near 45 m/s, the power demand or torque arrives at the 
minimum point. When Vx crosses the velocity Vx=25 
m/s, significant speed droop emerges since switching 
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Fig. 10  Forward acceleration flight simulation with an 
ADRC engine controller at H=1 km. 
happens in multiple model fusion control for the heli-
copter. As illustrated in Fig. 9, the extra disturbance 
due to controller switching with an ADRC controller 
pushes less influence with about 801 reduction in 
droop on the closed-loop system than with a PID con-
troller, and the response time is reduced more signifi-
cantly. 
6.2. Rapid climb and descend flight task simulation 
Rapid climb and descend flight in a typical maneu-
ver gives expression to not only the helicopter’s ma-
neuverability in vertical axis, but also the fuel control 
system’s response to rapid reversals in power demand. 
For example, the helicopter must climb to a fire atti-
tude or position quickly in an air to ground attack, and 
climb or descend rapidly to occupy the advantage posi-
tion in air to air attack. Therefore rapid climb and de-
scent flight task simulations are of importance to assess 
helicopter flight performance. 
To verify the effect of IHEC under the proposed hy-
brid control, especially for the ADRC control for the 
engines, a rapid climb and descent flying task is dem-
onstrated to simulate significant disturbance to en-
gine’s working process (a comparison between ADRC 
and cascaded PID). 
The task simulation is initialed from a hover state 
(H=0 km, Vx=0 m/s). With a rapidly increasing rate of 
climbing velocity, the climbing velocity will arrive at 8 
m/s and stay for a while. Next a rapidly decent will be 
carried out to recover a hover state. A comparison be-
tween an ADRC controller and a PID controller is 
given in Fig. 11. As can be seen from the plot, when 
the helicopter climbs suddenly, the main rotor load and 
the helicopter’s demand torque will increase violently. 
However, because the response of engine is slower, a 
significant droop in power turbine speed will be caused 
at last. As depicted in Fig. 11, the droop of power tur-
bine speed under ADRC control is prominently smaller 
with about 901 reduction than that under PID control, 
and the response time is more shortened than the latter.  
The Vx, Vy ,Vz and  are depicted in Figs. 11(a)-11(d) 
respectively, and the results show clearly that the flying 
quality is more significantly improved with ADRC 
control than with PID control. The time histories of Np, 
Ng, Smc, T and Wfb are also plotted in Figs. 11(e)-11(i). 
As depicted in these plots, the amplitude of the distur-
bance due to the large demand power change is more 
prominently reduced by about 801 and the recovery 
time is also more significantly shortened under ADRC 
control than PID control. Figures 11(i)-11(j) show con-
trol inputs of the helicopter and also give a comparison 
between PID and ADRC control. The results depict 
that the workload of controller outputs are improved by 
about 51 when the hybrid control utilizes an ADRC 
engine controller. 
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Fig. 11  Rapid climb and descent flight simulation at H=   
0 km. 
The explanation for the above conclusion is that the 
helicopter’s demand power has a direct influence on 
the turbo-shaft engine throughout torque disturbance. 
When the demand torque increases, a droop of power 
turbine speed will occur due to slower response of the 
supply torque. ADRC uses ESO to estimate the torque 
disturbance and to compensate this dynamics real time. 
Simulation results show that a group of ADRC pa-
rameters can be suitable for the entire envelop, and the 
proposed scheme has a better robustness and adaptive 
capability. 
7. Conclusions 
1) This paper proposes a hybrid control with a 
RMMFC law for the helicopter and an ADRC decoup-
ling control for its engines. The couplings between 
them are fully considered in this control scheme. With 
three subspaces respect to Vx, the RMMFC is to devise 
a four-loop tracking controller, which prevents the 
closed-loop system from unstable state. The engines 
are controlled by the proposed ADRC decoupling con-
trollers, which fully take advantage of the compensa-
tion ability for un-modeling dynamics and extra dis-
turbances. 
2) By simulating a forward acceleration flight task, 
the proposed RMMFC law for helicopters is validated. 
It appears that the IHES under the new control scheme 
has better dynamic performance. Especially the large 
transient is greatly weakened and smooth transition is 
achieved during the switching process among candi-
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date controllers. Over the entire flying task, the power 
turbine speed droop with the proposed ADRC control 
is significantly reduced by about 801 compared with 
the conventional PID control, and the response time of 
the former is shorter with about 501 reduction than the 
latter. 
3) A rapid climb and descent flight task is also 
simulated, and the results also show the feasibility for 
the application of the proposed RMMFC. Although 
there is an aggressive power demand in this maneuver, 
the power turbine droop under ADRC is much smaller 
with about 901 reduction in amplitude than using a 
PID controller; the control performance for IHES is 
enhanced by adopting the novel hybrid control struc-
ture and simulation results at other envelope point give 
proofs of robustness for this new scheme. 
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